Using recycled coarse aggregate (RCA) to replace natural pebbles and using lithium slag (LS) from industrial waste to replace cement in order to improve the mechanical properties of concrete and solve environmental problems. In this study, the effects of different substitution rates of RCA (0, 30%, 50%, and 70%) and different LS contents (0, 10%, 15%, 20%, and 25%) on the mechanical properties of concrete were investigated. e main results indicate that when the substitution rate of RCA is 30% and the LS content is 20%, optimal cube compressive strength, axial compressive strength, and elastic modulus can be achieved, with an increase of 9.90%, 48.22%, and 9.94% respectively; when the substitution rate of RCA is 70% and the LS content is 20%, the splitting tensile strength and flexural strength can be improved by 9.90% and 48.22%, respectively. e morphology of RCA concrete specimens with LS was observed with a scanning electron microscope (SEM). Moreover, corrections were made to improve the relevant formula according to the differences between the measured intensity index and data converted from current specifications.
Introduction
Due to the imbalance between economic and ecological development, more and more emphasis has been put on the concept of sustainable architecture in the field of civil engineering [1, 2] . With the growing investment in infrastructure construction in various countries and the rapid progress of revitalization and related reconstruction projects in old cities, the rising number of building demolitions has caused their materials to be abandoned in landfills.
is construction waste could be reused as recycled coarse aggregate [3] . Compared with natural aggregate, recycled aggregate has sharper edges, rougher surface, higher water absorption, and lower density, which will affect the strength characteristics of concrete [4] . Furthermore, with the rapid development of the lithium salt industry, emissions of lithium slag (LS) have become increasingly severe in China. It was reported that, in 2018, the global production of lithium salt was 329,000 tons, 250,500 tons of which was produced in China. Xinjiang is China's main lithium salt production base, accruing a large amount of LS that if not handled will cause serious environmental pollution [5] [6] [7] [8] . So far, many scholars have conducted extensive research on recycled concrete or concrete containing LS. Safiuddina studied the main properties of RCA concrete [2] , including old, new, and hardening properties; Tan et al. systematically studied concrete made with lithium slag's mechanical properties [6] and proved that LS could improve the compressive strength, dry shrinkage, creep, and other mechanical properties of concrete [8] .
In order to improve the mechanical properties of concrete with RCA, more attention has been paid to ternary concrete such as recycled concrete containing fly ash, silica fume, or fiber [9] [10] [11] . In some countries, such ternary concrete containing RCA and fly ash could combine both of their advantages, accelerate the reaction speed of pozzolanic ash, and improve working performance and durability.
Based on the expectation that ternary mixture concrete may have greater development potential, LS is considered to be a suitable supplementary cementitious material for use in recycled concrete [5, [12] [13] [14] [15] . Some scholars found that the main components of LS are similar to that of nanosilica, blast furnace slag, and fly ash, which may explain its ability to improve the performance of concrete. According to the work of Ji, nanosilica with high pozzolanic activity could not only improve the density and strength of concrete but also improved its flexural capacity [16] . Xiao's research showed that the compressive strength of concrete could be improved by adding a suitable amount of fly ash [17] , while Alireza et al. also proved that a ternary mixture of silica fume and fly ash required less water and had better durability than binary concrete only containing silica fume. Various studies have illustrated that recycled concrete with LS as a ternary mixture theoretically has more advantages over concrete with recycled aggregate or LS alone.
In the experiment, both natural coarse aggregate (NCA) and cement were replaced by RCA and LS at different substitution rates, respectively. e main contributions of this paper include the following: (1) studying the mechanical properties of a concrete mixture containing RCA and LS, including its cube compressive strength, axial compressive strength, splitting tensile strength, flexural strength, and modulus of elasticity, and (2) revising the relevant strength formula.
is is an important field lacking prior investigation. Finally, the properties of recycled concrete mixed with LS are analyzed by SEM, which lays a foundation for future research in this field.
Materials and Methods

Materials.
In this experiment, ordinary Portland cement (OPC) of grade 42.5 and LS were used, and the LS was provided by the lithium salt plant in Xinjiang. After dried and ground, the LS particle size was less than 45 μm. Table 1 shows the chemical composition of cement and LS.
According to the Chinese standard GB/T208-2014 [18] , the specific gravities of cement and the LS were measured approximately 3000 kg/m 3 and 2450 kg/m 3 , respectively. e specific surface areas of cement and the LS were 360 m 2 /kg and 440 m 2 /kg, respectively, based on measurement with the nitrogen adsorption test method. In addition, the LS particles had irregular shape according to the scanning electron microscopy (SEM). e local natural medium-coarse sand was used as the fine aggregate, with a fineness modulus of 2.9, an apparent density of 2640 kg/m 3 , and a sand ratio of 38% [19] . e coarse aggregates were selected from local pebbles, and the particle size was adjusted to 5-20 mm continuous gradation after cleaned and screened. A municipal engineering waste in Xinjiang was selected as the source of recycled aggregate, and the waste was crushed, cleaned, and screened until the particle size was identical. e aggregate was classified as Class II according to the Chinese standard GB/T 25177-2010 [20] . e screening analysis of fine aggregate and coarse aggregate was carried out in accordance with the Chinese standard JGJ 52-2006 [21] . After the preparation, the physical properties of two kinds of coarse aggregate were tested according to the Chinese standard GBT 14685-2011 [22] , as shown in Table 2 . After being crushed, RCA had more edges and corners, rougher surface, higher porosity, and water absorption rate than NCA [2] . Due to cement paste adhesion and porous surface, they also presented great differences in other physical properties.
Preparation of Specimens
. 375 specimens were prepared in total by using full permutation for the mixture design. e RCA substitution rates were set at 0, 30%, 50%, 70%, and 100%, respectively, and the LS contents were determined at 0, 10%, 15%, 20%, and 25%, respectively. e groups were named RCC (with RCA) and NCC (with NCA), respectively, for the convenience of comparison, and it is also easier to distinguish which experiment group contains RCA.
Considering the water absorption and moisture content of aggregate, the basic mix proportion of concrete was modified according to the Chinese standard DG/TJ 08-2018-2007 [23] before the preparation of concrete specimens. In previous experiments conducted by the team members, the appropriate additional water consumption was calculated. e specific mixing design of these five mixtures is presented in Table 3 . In addition, the NCA and RCA should be kept in a dry state on the surface during the experiments. e group with RCA substitution rate of 0 and LS content of 0 was set as the reference group, the remaining RCA and LS with different substitution rates were used as the research objects, and the water-cement ratio was maintained at 0.45. e RCA substitution rates were 0, 30%, 50%, 70%, and 100%, and LS was used as mixture with the content of 0, 10%, 15%, 20%, and 25%, respectively. A power-driven rotary mixer was employed for the preparation of specimens [24] . LS, cement, and aggregate were premixed for 2 minutes before adding water to achieve evener LS distribution in the mixture. e mixture was stirred before the vibration treatment and cured under the standard curing conditions.
Test Method
Measurement of Mechanical Properties.
e cube compressive strength, axial compressive strength, splitting tensile strength, flexural strength, and elastic modulus of concrete were determined according to the Chinese standard GB/T 50081-2002 and GB/T 50152-2012 [25, 26] . Among them, the cube compressive and splitting tensile specimens had the dimension of 150 mm × 150 mm × 150 mm, the axial compressive and elastic modulus specimens had the dimension of 150 mm × 150 mm × 300 mm, and the flexural specimens had the dimension of 150 mm × 150 mm × 550 mm. Each design group included 25 sets, with 3 specimens in each set.
Tye-3000b press was used for loading, and the directional force control system was adopted to adjust the rate to be 0.5 MPa/s for cube compressive and axial compressive specimens, 0.05 MPa/s for splitting tensile and flexural specimens, and 0.6 MPa/s for elastic modulus specimens. At the same time, the relevant data were adjusted, and the corresponding deformations of the specimens were measured with pressure gauge and percentile meter. e flexural loading mode, elastic modulus loading device, and system are shown in Figure 1 in detail. In the elastic modulus loading system, it was necessary to conduct frequent loading and unloading to reduce error. Since concrete is an elastoplastic body, the elastic stage can be restored after loading, but the plastic stage cannot. Plastic strain energy is continuously consumed at each loading and unloading until only elastic strain energy is left, at which point the slope is a relatively accurate elastic modulus.
Microscopic Observation.
Microstructures of NCC-0-0, RCC-30-20, RCC-30-10, and RCC-70-20 in the experimental groups were observed by SEM in order to determine the modification and effect of recycled concrete mixed with LS. e experiment specimens which were obtained from the fracture after compressive strength experiment were dried in a vacuum chamber to eliminate the interference of moisture on the observation results before scanning electron microscopy. A layer of conductive coating sparing could be used to gain a clearer observation image on the sample [27] . Specimens were detected under high vacuum conditions. All pictures could be taken by adjusting voltage and resolution.
Experimental Discussions
Test Data.
It should be pointed out that the linear slope from the origin to the tangent point of the stress-strain curve of a prism is the elastic modulus of concrete under static Obviously, both RCA and LS have their optimal prescribed amount, above which will cause degradation of mechanical properties of concrete. e compressive strength increases linearly and sharply with the addition of RCA before the optimal substitution rate is obtained. Possible explanations for this increase are that the surface roughness of recycled aggregate can increase the bond of cement aggregate, and the high water absorption capacity of recycled aggregate can reduce the water-cement ratio of the interface transition zone and improve the strength of the cement slurry [28] .
Moreover, excessive RCA may cause the influence of microcracks in concrete to be greater than the effect of secondary curing. With the increase of LS content, the cube compressive strength and axial compressive strength of concrete are similarly enhanced before decreasing, with peak strength occurring when the content of LS is 20%. With an LS content of 20%, the cube compressive strength and axial compressive strength increase by 17.36% and 17.44%, respectively, when compared with specimens of the same RCA substitution rate and LS content of 0. is phenomenon is attributed to the fact an increase in LS will change the internal structure of the concrete, improve the water retention and adhesion of the concrete, optimize the porosity, and improve its compactness [29, 30] . When the content of LS is higher than 20%, only a small amount of hydration products (C-S-H) will be generated with the increase of LS, which cannot effectively stimulate its pozzolanic reaction. e porosity of the concrete will increase, and the compactness and compressive strength will show a downward trend as the rest of the LS only plays the role of filler. In fact, the size of the pores in concrete is crucial to the compressive strength, and the more developed the pores, the lower the compressive strength.
Wagih et al.'s results indicated that the optimum percentage of RCA was between 25% and 50% [31] . Wu demonstrated that the compressive strength keeps increasing when the content of LS is less than 20% [32] . Xiao et al. found that when the substitution rate of RCA reached 30%, the decrease of compressive strength of concrete could be neglected [33] . All of their conclusions are consistent with the results of our experiment. e maximum compressive strength appears when the RCA substitution rate is 30% and the content of LS is 20%.
Splitting Tensile Strength and Flexural Strength.
e splitting tensile strength and flexural strength of concrete with different contents of LS and different RCA substitution rates are shown in Figures 4 and 5 .
Obviously, without LS, the splitting tensile strength and flexural strength of the specimens would firstly increase and then decrease with the increase of RCA. e peak values appear at the RCA substitution rate of 30%. e splitting tensile strength and flexural strength are 20.31% and 24.07% higher than those of ordinary concrete, respectively. It is found by Andreu and Miren that the use of 20% RCA can make a 3%∼22% increase in the splitting tensile strength, which is almost consistent with the result in this paper [28] . However, after the addition of LS, the peak values of splitting tensile strength and flexural strength of specimens with an RCA substitution rate of 70% are greatly different from those without LS.
With the increase of LS, the tensile strength and flexural strength of the specimens firstly increase and then decrease.
ere is a special case, namely, as the RCA substitution rate is 70% with an LS content of 15%, the maximum tensile strength can be obtained. Except for this, the peak value for the RCA substitution rate appears when the LS content is 20%. More specially, without the LS, the splitting tensile strength with an RCA substitution rate of 100% decreases by about 10%, compared with an RCA substitution rate of 0, which is almost consistent with the findings of Grdic et al. [34] . In their study, tensile strength is weakened for the concrete with the RCA substitution rate of 100%. e flexural strength of the concrete with an RCA substitution rate of 100% is even higher than that without RCA. Because RCA can improve the strength of cement slurry, the flexural strength may be related to the cement slurry. Figure 6 shows the curve of the elastic modulus under the effects of RCA and LS.
Elastic Modulus.
With the same content of LS, the elastic modulus of the specimens will firstly increase and then decrease with the increase of RCA, and the peak appears at a 30% RCA substitution rate, which is 9.43% higher than that of the specimens with the RCA substitution rate of 0. In general, Advances in Materials Science and Engineering the greater the strength is, the greater the modulus of elasticity is, so the apparent modulus of elasticity curve is more consistent with that of the compressive strength curve. In Figure 6 , without the addition of LS, the elastic modulus of the 100% substitution rate of RCA is lower than that of the substitution rate of 0. is suggests that the elastic modulus of composite aggregate has a greater impact on the elastic modulus of concrete at this time. RCA has larger pores and smaller strength, which directly leads to the lower elastic modulus of concrete.
Under the same RCA substitution rate, the elastic modulus of the specimen firstly increases and then decreases with the gradual addition of LS.
e peak value appears when the content of LS is 20%, which is about 8.02% higher than the specimens with the same RCA substitution rate and 0 LS content. Xie et al. found that the formula between porosity and the modulus of elasticity agreed well with each other through the backscattered electrons and nanoindentation, which indicated that the denser the microstructure was, the greater the modulus of elasticity was in the same region [35] . e secondary pozzolanic reaction of LS produces more hydration products (C-S-H) to fill the pores, thus causing the uptrend of the elastic modulus [8] . However, it is not suitable to add more LS after the extreme point, because too much LS will result in an excessive paste, which is not conducive to the elastic modulus. Based on the influence curve of RCA and LS on the elastic modulus, it can be found that the combined peak value of the two occurs at the same values, where the substitution rate of RCA is 30% and the content of LS is 20%. It is well known that the elastic modulus not only reflects the deformation performance of concrete but is also a function of compressive strength. It is reasonable that the influence curve of elastic modulus coincides with that of compressive strength. Based on the comprehensive experimental analysis, 30% RCA substitution rate and 20% LS content will make concrete with excellent working performance, thus laying a foundation for future research.
Microscopic Analysis.
After a number of experiments, the optimal mix proportion of 30% RAC and 20% LS was determined by adjusting the proportion of LS and RCA in the mix. SEM is an intuitive way to investigate the internal interface trauma and the products after chemical reaction occurs in the concrete, so as to make the research more reliable. e main components of lithium slag are active SiO 2 and Al 2 O 3 , which is the same as fly ash, slag, and even nano-SiO 2 [36, 37] . Its pozzolanic properties can make the active SiO 2 and Al 2 O 3 react with the hydration product Ca (OH) 2 of cement through an activation process, which will result in the secondary hydration of cementitious materials to form gel substances such as calcium silicate hydrate, calcium aluminate hydrate, and calcium silicate hydrate. ey can fill the microporous structure in the pore walls of hardened slurry and improve the compressive strength. Four groups of NCC-0-0, RCC-30-20, RCC-30-10, and RCC-70-20 were selected for comparison.
SEM pictures of the concrete microstructures with different LS contents and RCA substitution rates of RCA are as follows. e internal microstructure is loose with many pores in NCC-0-0 [8] . In Figure 7(a) , a large number of Ca (OH) 2 lamellar crystals appear with a consistent orientation because of the incomplete hydration reaction, which is not conducive to compressive and cracking strength. e existence of Ca (OH) 2 usually indicates a weak link in the concrete. It can be seen from Figures 7(b) and 7(c) that the specimens with 30% RCA and the specimens with 10% RCA are more compact than the natural aggregate concrete experimental specimens in their internal microstructure, and their holes to some extent are fewer. However, Figure 7 (b) shows more dispersed internal morphology and more holes than Figure 7 (c), so it is not difficult to prove that, compared with NCC-0-10, RCC-30-0 has a denser internal structure with better performance. In Figure 7(d) , the microstructure is obviously improved and the structure becomes more compact after the addition of 30% RCA and 10% LS. e concrete presents a fine and uniform continuum, and a good spatial network skeleton structure is formed between the hydration products and the aggregate [38, 39] . Active SiO 2 , Al 2 O 3 , and Ca (OH) 2 are hydrated twice with the mix proportion of LS to form hydrated calcium silicate and calcium aluminate with cementitious properties [5] . At this time, there are very small capillary pores in the specimens, which are surrounded or filled by hydration products (C-S-H). Moreover, the consumption of Ca (OH) 2 makes the reaction go forward and accelerates the hydration of cement, so the compressive strength is further enhanced. It is found by observing the microstructure of RCC-30-20 that the internal interface morphology is relatively regular [40, 41] . As shown in Figure 8 (a), Ca (OH) 2 crystals with irregular shapes are present in an ordered arrangement. In addition, Ca (OH) 2 mostly deposits in the hydration products (C-S-H), and the number of Ca (OH) 2 significantly decreases under high resolution [42] . e aggregate matches well with cement paste with a dense internal surface, which is attributed to the generated gel. e internal particles form an amorphous porous microstructure, which makes the network microstructure of the material and the colloidal structure tight and complete. e images under SEM indicate that LS has a microaggregate effect, which can fill internal gap between cement particles, increase compactness, and reduce porosity. After the 30% RCA and 25% LS are added, the microstructure significantly improves and is generally as dense as that with the best proportion. But Figure 8 (b) shows that there are many gaps between LS and the surrounding gel, which indicates that LS has not been fully utilized, mainly because not enough Ca (OH) 2 is produced by hydration to support the development of the secondary hydration. As a result, the unreacted LS particles increase the porosity and reduce the compressive strength. e compressive strength of the specimens with 70% RCA and 20% LS significantly decreases, compared with the specimens with the ideal proportions. From its microstructure in Figure 9 , there are many obvious slits in the specimen's microstructure with relatively obvious voids and inefficient fills. Substances are dispersed from one another, and it is difficult to find the gels that play a binding role in the high-resolution images. is is because the RCA has strong water absorption ability, resulting in a lower water-cement ratio as well as inadequate hydration of cement in the surrounding area of the aggregate. us, the microstructure of hydration products (C-S-H) correspondingly decreases, which is not conducive to filling and bonding.
e mechanical properties are reflected in the microstructure. e internal structures of LS and RCA with different substitution rates are different, so their mechanical properties are different. SEM intuitively illustrates the accuracy and reliability of the experimental results, which lays Advances in Materials Science and Engineering the foundation for future research on related materials or microstructures. Tables 4 and 5 illustrate the related data in the experiment.
Correction of the Relevant Formula.
Correction of Compressive Strength
Formula. e current Chinese standard GB50010-2010 [43] takes a factor of 0.76 for the safety consideration of ordinary concrete:
From Table 5 , it can be seen that the calculated value calculated by equation (1) is significantly smaller than the measured value f 1 c , the average difference is − 3.816%, and the average value is about 0.790, which makes the actual axial pressure ratio different from the specification.
Based on the data of f c and f cu in Table 4 , and after regression analysis, the relationship between the cubic compressive strength and the axial compressive strength of the experiment specimens is obtained as follows.
e fit curve of the equations is shown in Figure 10 .
Modification of Splitting Tensile Strength Formula.
At present, for ordinary concrete, the conversion formula between splitting tensile strength f t,s and cubic compressive strength f cu is generally taken as follows [43] :
To organize and analyze the data in the table, it is recommended that the relationship between the tensile strength of the specimen and the compressive strength of the cube is shown in equation (4) . e fit curves of two equations are attached in Figure 11 . Advances in Materials Science and Engineering 9
Modification of the Formula of Flexural Strength.
For the flexural strength, Zheren [44] found that there is a certain relationship between the compressive and flexural strength of concrete cubes. e relationship between the two proposed by the Chinese standard DG/TJ 08-2018-2007 [23] is given by
It can also be seen from Table 5 that the calculated value f 1 f according to formula (5) has a large volatility. After analyzing the data in the table, the relationship between the compressive strength and the flexural strength of the experiment specimen is obtained as follows. And the curves of equations are shown in Figure 12 .
Modification of Elastic Modulus
Formula. e elastic modulus of concrete could reflect the deformation capacity of the experiment specimen, so the relationship between the two proposed by the current design specification [43] is given by
e relevant data of the elastic modulus of the experiment specimen measured by the test are shown in Table 5 which could be seen that the calculated value E 1 c of equation (7) was more discrete than the measured value E 2 c . After data processing and analysis, the relationship between the flexural strength of the specimen and the cubic compressive strength is given by (4) Microscopic examination shows that the appropriate addition of LS can promote the development of gel structure and improve the microstructure of recycled concrete. However, the aperture of concrete would increase after exceeding the optimal content.
Conclusion
(5) After the gap between the measured strength index and the data in the current code is corrected, the relevant formula is more practical.
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